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This paper presents a new technique for measuring the bunch length of a high-energy electron beam at a 
bunch-by-bunch rate in storage rings. This technique uses the time—frequency-domain joint analysis of the 
bunch signal to obtain bunch-by-bunch and turn-by-turn longitudinal parameters, such as bunch length and 
synchronous phase. The bunch signal is obtained using a button electrode with a bandwidth of several gigahertz. 
The data acquisition device was a high-speed digital oscilloscope with a sampling rate of more than 10 GS/s, 
and the single-shot sampling data buffer covered thousands of turns. The bunch length and synchronous phase 
information were extracted via offline calculations using Python scripts. The calibration coefficient of the system 
was determined using a commercial streak camera. Moreover, this technique was tested on two different storage 
rings and successfully captured various longitudinal transient processes during the harmonic cavity debugging 
process at the Shanghai Synchrotron Radiation Facility (SSRF), and longitudinal instabilities were observed 
during the single bunch accumulation process at Hefei Light Source (HLS). For Gaussian-distribution bunches, 
the uncertainty of the bunch phase obtained using this technique was better than 0.2 ps, and the bunch length 
uncertainty was better than 1 ps. The dynamic range exceeded 10 ms. This technology is a powerful and 
versatile beam diagnostic tool that can be conveniently deployed in high-energy electron storage rings. 
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I. INTRODUCTION 


In recent decades, advances in accelerator technology have 
resulted in a reduced beam size and emittance, necessitating 
advanced beam diagnostic techniques. The bunch length, a 
fundamental parameter in accelerator systems, is critical for 
determining brightness and emittance. Therefore, accurate 
bunch-length measurements are vital for ensuring stable ac- 
celerator operation. 

Several methods have been developed for bunch-length 
measurements, including streak cameras, transverse deflect- 
ing cavities[1, 2], electro-optical sampling, autocorrelators, 
cross-correlators[3, 4], and spectral analyses. Streak cameras 
are widely used in laboratories such as NSLS-II[5], SSRF[6], 
PEP-I[7], ANKA[8, 9], and BESSY II[10]. Streak cameras 
offer precise measurements of the longitudinal bunch length 
and the spatial distribution of individual bunches without im- 
pacting the beam. When the dynamic range is set sufficiently 
small, many details, such as the filamentation of freshly in- 
jected bunches in real space, can be observed on a picosecond 
scale[11]. However, the limitation of streak cameras lies in 
their finite pixel units determined by the measurement device 
(CCD). This makes it challenging to simultaneously achieve 
an extensive dynamic range and high time resolution. 

A typical example is the measurement of the damping time 
of injected bunches at ALBA in 2012. They observed the pro- 
cess with a streak camera that was required to cover the entire 
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injection process, resulting in a limited time resolution and 
an inability to resolve the evolution on a turn-by-turn basis. 
In 2018, the ALBA group focused on the amplitude and fre- 
quency of longitudinal oscillations, which required a streak 
camera with high time resolution to observe the waveform 
of the bunches. However, the dynamic range of the streak 
camera could not cover the entire damping oscillation pro- 
cess, making it impossible to determine the damping time 
accurately[12, 13]. 

In 2016, BINP SB RAS developed a dissector measure- 
ment technique similar to that of a streak camera[14]. The 
dissector converts light signals into electrical signals and uses 
photomultiplier tubes for measurements. Metrology Light 
Source (MLS) used a dissector for bunch-length measure- 
ments in combination with a streak camera[15]. However, 
dissectors lack universality and high resolution and cannot 
fully replace streak cameras. 

Although electro-optical sampling is commonly used in 
linear accelerators, efforts have been made to apply it to 
storage rings. For example, the KIT storage ring KARA 
performed longitudinal single-shot optical detection of elec- 
tron bunches and obtained valuable data for long-timescale 
measurements[16]. The analysis of the beam charge density 
cloud distribution and the dynamic properties of the beam 
profile followed this[17]. By leveraging electro-optical sam- 
pling, the complete spectral information of coherent syn- 
chrotron radiation was obtained[18]. However, the use of 
electro-optical sampling as a general diagnostic technique for 
storage rings has been limited. 

In the bunch spectrum analysis, the dual-frequency method 
showed a relatively high measurement accuracy. Signifi- 
cant progress has been made by research institutions, such 
as KEKB[19, 20] and ANKA[21]. However, traditional dual- 


frequency systems have narrow bandwidths and can only pro- 
vide the average bunch length for multiple bunches over mul- 
tiple turns. In 2014, SSRF[22, 23]explored a dual-frequency- 
based bunch-by-bunch bunch-length measurement technique. 
However, owing to the limited signal-to-noise ratio and sig- 
nificant inter-bunch crosstalk, the measurement accuracy did 
not meet the requirements of most machine studies. In an- 
other development, PLS-II[24] used fast photodiodes to de- 
tect synchronous light signals and analyzed the spectral struc- 
ture to calculate the bunch length. However, limitations in 
signal processing prevented bunch-by-bunch and turn-by-turn 
measurements, and the probe bandwidth was insufficient to 
measure sub-20-ps bunches accurately. 

Since 2012, the SSRF beam instrumentation group has 
developed a multiparameter diagnostic method for electron 
storage rings based on broadband random sampling tech- 
nology. This method uses button-electrode signals and vis- 
ible synchronized radiation as sources, high-speed digital 
oscilloscopes as data acquisition devices, and offline soft- 
ware to analyze the data collected by the oscilloscopes. It 
accurately measured parameters such as charge, transverse 
position[25, 26], bunch length, longitudinal phase[27], and 
transverse bunch size[28]. On this basis, an open-source soft- 
ware package called HOTCAP[29] was developed to com- 
plete the measurement of three-dimensional position and 
charge simultaneously[30], which can be applied to any high- 
energy electron storage ring. Numerous application stud- 
ies have been conducted based on this tool, including the 
evaluation of injection dynamics[31], analysis of transverse 
wakefields[32], observation of longitudinal damping oscil- 
lations of refilled bunches[33], in-situ diagnosis of optical 
parameters[34], and assessment of beam loading effects in 
harmonic cavities. 

The remainder of this paper is divided as follows: Section 
II, basic principles and fundamentals related to bunch length 
calculation; II, the experimental setup, including the plat- 
form, measurement system, bunch length calculation process, 
and uncertainty evaluation; IV, The beam experiment and re- 
sults, including separate results from HLS and SSRF V, A 
discussion of the results; and VI, the conclusion. 


Il. THEORETICAL BASIS 
A. Determinants of Bunch Length 


The bunch length in a storage ring can be determined us- 
ing electron-optical machine parameters. If the beam energy 
spread follows a Gaussian distribution, the root mean square 
(RMS) bunch length can be given by 
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where . is the relative momentum spread of the beam, po 
is the equilibrium particle momentum, ne is the momentum 


compaction factor, fo is the particle revolution frequency, V 
is the equivalent longitudinal electrical field (RF field, har- 
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monic cavity field, and wakefield), and s is the synchronous 
phase. The longitudinal distribution of the bunch is deter- 
mined using the equivalent longitudinal electrical field, en- 
ergy spread, acceleration phase, and momentum compaction 
factor. The bunch length is a crucial beam parameter that 
reflects whether the electron storage ring meets the design 
specifications or is in a good operational condition. Accu- 
rate measurement of the bunch length is essential for stable 
operation of the accelerator and acceptance testing of newly 
constructed facilities. 

In the storage ring, variations in the bunch length arise pri- 
marily from changes in the effective longitudinal electrical 
field, V, and acceleration phase, ¢;. For example, longitudi- 
nal dipole oscillations can occur when longitudinal instabil- 
ities occur, resulting in changes in ¢,. When fresh bunches 
are injected, the initial phase of the injected bunches deviates 
from the equilibrium. Changes in V and ¢, can occur because 
of tuning of the RF system or transient effects from the beam 
wakefields. Precise quantitative analysis of these phenomena 
can be achieved by capturing and measuring the bunch-length 
evolution on a turn-by-turn basis. This provides a powerful 
tool for nonlinear beam dynamics research. Therefore, the 
accurate diagnosis and measurement of the bunch length on a 
bunch-by-bunch and turn-by-turn basis are crucial for storage 
rings. 

Assuming that the bunch length is only related to V and 
$s, Eq. (1) can be written as 


As(V, $s) _ a/ V Vcos(ġs), (2) 


3 
where a = ,/ -È 22o: 22 denotes a constant for each ma- 
2rq hfs Po 


chine. Taking the partial derivatives of Eq. (2), we obtain: 
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Thus, when the RF cavity voltage and bunch phase change 
within a small range, the change in bunch length Aq is lin- 


early related to the change in the cavity voltage AV and phase 
Ads. 


B. Bunch-Length Measurement Principle 


For an ideal Gaussian distribution, the beam signal in the 
time domain is given by 


(5) 


where Q denotes the bunch charge, ø is the bunch length, and 
to is the bunch phase. The principle of beam-signal acquisi- 
tion in a storage ring is illustrated in Fig. 1.a and Fig. 1.b. 


When the beam passes through the button electrode, the de- 
tected signal can be expressed as 
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In equation (6), a and b represent the physical dimensions 
of the button electrode, F (8,0) represents the transverse po- 
sition of the bunch, and Z represents the transfer impedance 
of the button electrode. The beam distribution and the de- 
tected signal are shown in Fig. 1.c, with the characteristics of 
a Gaussian distribution and bipolar pulse, respectively. 

In the time domain, the detected signal (voltage signal) can 
be expressed as the convolution of the beam signal (current 
signal) and the detection system impulse response: 


Vo (t) = (t) * H Button, (7) 


where H Button is the time-domain response function. In the 
frequency domain, we have 
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(8) 
where V (f) is the frequency-domain distribution of the de- 
tected signal, I (f) is the frequency-domain distribution of 
the beam signal (Gaussian distribution), Reutton (f) is the 
frequency-domain transfer impedance, and ø is the recipro- 
cal of the time-domain bunch length. Therefore, by measur- 
ing of, the bunch length can be determined. 


Il. EXPERIMENTAL MEASUREMENT SYSTEM SETUP 
A. Experimental Platform 


Beam experiments were conducted at HLS and SSRF. The 
key parameters of the two facilities are listed in Table 1. 


Table 1. Machine parameters 


Parameter SSRF HLS 
Energy (E) 3.5 GeV 0.8 GeV 
Current (Jo) 200 mA 400 mA 
Main RF cavity SC Copper 
Harmonic cavity 374SC 4”¢copper 
RF frequency (fr +) 499.654 MHz 204.03 MHz 
Buckets (h) 720 45 
Designed bunch length (o) 18 ps 50 ps 


B. Measurement System Structure 


The structure of the bunch-by-bunch measurement system 
is illustrated in Fig. 2. First, four-electrode signals from the 
BPM probes were acquired using a high-sampling-rate and 
high-bandwidth digital oscilloscope. The signals were im- 
ported into a Python script for further analysis. In the three- 
dimensional bunch position calculation module of the script, 


the four-channel data were concatenated to form a bunch-by- 
bunch beam signal. The response function was reconstructed, 
and the longitudinal center position (phase) information of 
the bunch was extracted in the time domain using the re- 
sponse function vector projection method. The reconstructed 
response function was resampled to obtain the signal ampli- 
tude for each bunch. The transverse position and charge infor- 
mation of the bunch were obtained by applying the difference 
and ratio algorithms. 


C. Bunch-Length Calculation Process 


The bunch-length calculation module calibrates the trans- 
fer impedance of the measurement system. Fig. 3. a- 
Fig. 3.e shows the calibration process. The original contin- 
uous sampling data were sliced bunch-by-bunch and turn-by- 
turn. Single-bunch single-turn data were subjected to spec- 
tral analysis after baseline subtraction. A streak camera was 
used to measure the bunch length and calculate the expected 
signal spectrum distribution. The measured signal spectrum 
(voltage spectrum) was divided by the expected signal spec- 
trum (current spectrum) to obtain the system transfer function 
(impedance). Assuming that the machine parameters of the 
storage ring remain constant, the system transfer impedance 
is a known quantity and does not require recalibration during 
subsequent data acquisition and processing. For the bunch- 
length calculation, all measurement data were sliced and har- 
monically analyzed, and the background was subtracted to 
obtain the voltage signal spectrum. Dividing the voltage sig- 
nal spectrum by the system transfer function yields the cur- 
rent signal spectrum. Gaussian fitting was performed on this 
spectrum to determine the bunch-length measurement results 
for each bunch and turn. Fig. 3.F—Fig. 3.i demonstrates the 
data processing with different charges of 0.18 nC, 1.16 nC, 
and 2.39 nC, showing distinct differences in spectrum dis- 
tribution. Gaussian fitting of the spectra enables the deter- 
mination of the bunch lengths as 65 ps, 83 ps, and 88 ps, 
respectively. 


D. Uncertainty Evaluation 


At HLS, where significant longitudinal instability occurs, 
the uncertainty of the bunch-length measurement system was 
evaluated in the single-bunch mode. By progressively in- 
creasing the charge of a single bunch and using principal 
component analysis (PCA) to separate the bunch oscillation 
modes during longitudinal instability, the residual measure- 
ment data were calculated as the measurement uncertainty 
of the system (Fig. 4.a). In SSRF, where there is no ap- 
parent longitudinal instability in the normal operation mode, 
the random errors of the measurement system were evalu- 
ated in the multibunch operation mode. Assuming a constant 
bunch length for each bunch, the standard deviation of the 
bunch-length measurement for multiple turns of each bunch 
was calculated as the measurement uncertainty of the sys- 
tem. The dependence of the bunch-length measurement un- 
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Fig. 1. (a) Transverse cross-section of the storage ring beam pipe with four-channel button electrode. (b) Equivalent circuit for signal pickup in 
a BPM. (c) Ideal longitudinal beam charge distribution and waveform of the BPM acquisition signal. (d) Ideal frequency domain distribution 
of the BPM signal for bunch lengths ranging from 10 ps to 100 ps. 
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Fig. 2. Overall schematic of the bunch-by-bunch measurement system in the storage ring. 


certainty on the bunch charges was analyzed for 500 bunches IV. BEAM EXPERIMENT AND RESULTS 
(Fig. 4.b). Both experiments show that the bunch-length mea- 


surement uncertainty is inversely proportional to the bunch s 
charge, aligning with expectations. To validate the performance of the new system, we mea- 


sured the bunch length under different charge conditions for 
a single bunch at HLS. We also observed a longitudinal in- 
stability in the normal operating state of the storage ring. 
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Fig. 3. (a) Waveform of the raw signal from a single bunch in one turn. (b) Background noise in the absence of beam bunches. (c) Spectrum 
of the original signal, background noise, and the signal with the background noise removed. (d) Comparison of the frequency-domain 
distribution between the ideal signal and the measured data. (e) Frequency-domain transfer impedance calibrated using a streak camera. (f) 
Waveform of the raw signal from a single bunch with charges of 0.18 nC, 1.16 nC, and 2.39 nC. (g) Frequency-domain waveform with three 
different charges. (h) Frequency-domain distributions after calibration with three different charges. (i) Gaussian fitting on the three bunches 
with different charges, yielding their respective beam lengths ranging from 65 ps to 88 ps. 
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Fig. 4. (a) Uncertainty assessment of bunch-length measurements for different charges in the single-bunch mode at HLS. (b) Multibunch 
operation mode at SSRF, the charge and bunch-length uncertainty for each individual bunch. 


We also measured the dependence of the bunch length on random events related to coherent beam instability. 
the bunch charge at SSRF. We investigated the variations in 
bunch length with the total beam current during the harmonic 
cavity tuning process. In addition, we captured and analyzed 


A. Experiment at HLS 


In the single-bunch experiment at HLS, the bunch charge 
varied from 0.2 nC to 2.6 nC. The bunch length was syn- 
chronously measured using a streak camera and high-speed 
oscilloscope in the time-frequency analysis system. The av- 
erage bunch lengths obtained using both methods are in excel- 
lent agreement, as shown in Fig. 5.a. Bunch length variation 
with different bunch currents is because of the longitudinal 
broad impedance, formulated by[35] 
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where a is the momentum compaction factor, Vs = ws /wo is 
the synchrotron tune, and ozo is the bunch length at zero in- 
tensity. We calculated the longitudinal broadband impedance 
of HLS to be 7.1 9. 

In addition to providing the average bunch length, the 
time-frequency analysis system captured the evolution of the 
bunch length on a turn-by-turn basis. As shown in Fig. 5.b, 
the bunch length remained constant when the bunch charge 
was relatively low (0.18 nC). However, significant longi- 
tudinal instability occurred for bunch charges above a cer- 
tain threshold, resulting in periodic oscillations in the bunch 
length. A harmonic analysis of the turn-by-turn bunch length 
variations (Fig. 5.c) revealed that the oscillation frequency 
decreased as the bunch charge increased. Similarly, the har- 
monic analysis of the turn-by-turn phase variations (Fig. 5.d) 
shows oscillation modes in complete synchronization with 
bunch-length oscillations. 

Owing to the use of a room-temperature copper cavity as 
the main RF cavity at HLS, the higher-order mode (HOM) 
issues are quite severe. Additionally, there are numerous dis- 
continuous beamline components in the storage ring, such 
as stripline beam position monitors (SBPM), beam scrubbing 
electrodes, and vacuum insertions, which result in a relatively 
high impedance and make the occurrence of longitudinal in- 
stabilities more likely. To investigate this, a typical dataset 
was recorded using the measurement system in normal oper- 
ation mode at HLS (total current of 400 mA with 35 continu- 
ously filled bunches). Fig. 5.a—Fig. 5.c, show the longitudinal 
center position and bunch length of the head, middle, and tail 
bunches, respectively, as a function of time. Fig. 5.d—Fig. 5.f 
presents the corresponding reconstructed distributions. It is 
evident that both oscillations in the bunch center positions 
and bunch lengths are significant, and their frequencies are in 
agreement, as expected. Additionally, the amplitudes of the 
oscillations were larger at the head and tail of the bunch train 
than in the middle. 


B. Experiment at SSRF 


At SSRF, the charge of a single bunch was gradually in- 
creased from 2 nC to 9.5 nC. The variation in the bunch 
length with respect to the bunch charge was measured using 
the time-frequency analysis system with an oscilloscope, as 


shown in Fig. 7. a. The bunch length exhibited localized 
nearly linear increases with the bunch charge. We also calcu- 
lated the longitudinal broadband impedance as 0.3 (2, which 
is in good agreement with the design value[36]. 


During harmonic cavity tuning, we measured the average 
bunch length as a function of the total beam current. The 
measurements were conducted in top-up mode with regularly 
spaced four-bunch trains, each containing 125 bunches. The 
total beam current varied from 80 mA to 180 mA. The re- 
sults are shown in Fig. 7.b (marked by red diamonds), with a 
comparison provided for the case of the harmonic cavity set 
to the non-working state, showing the variation in the average 
bunch length with the beam current (marked by blue circles). 
By comparing the measurement results, it is evident that the 
harmonic cavity exhibited a stretching effect on the bunches. 
However, the stretching factor was significantly smaller than 
the design target, indicating room for optimization. 

This process was continued by decreasing the detuning fre- 
quency of the harmonic cavity and increasing the total beam 
current to 200 mA (Fig. 7.c), owing to beam-loading effects, 
there were variations in both the bunch phase and bunch 
length at different positions within the bunch train. The re- 
sults are presented in Fig. 7.d, and are consistent with the 
simulation results of CEPC[37]. The difference in bunch 
length between the head and tail of the bunch train, which 
was less than 1 ps, was distinguishable. Additionally, a neg- 
ative correlation was observed between the bunch length and 
phase within the bunch train. Assuming an uncertainty of 1 
ps for the turn-by-turn measurements, the random error after 
averaging 7000 turns was determined to be less than 0.02 ps, 
which agreed with the measurement results. 


During the process of optimizing the harmonic cavity, 
when there was a mismatch between the main RF cavity and 
the harmonic cavity, the stored bunches deviated significantly 
from their equilibrium positions owing to large longitudinal 
kick forces. This resulted in coherent longitudinal dipole 
oscillations with a substantial amplitude occurring at a fre- 
quency close to the stabilized working frequency (normalized 
frequency of 0.005) of the main RF system after closed-loop 
operation. When such instability occurs, the beam signal am- 
plitude exceeds the normal operating state owing to coupling 
between the longitudinal and transverse motions. These ran- 
dom events can be captured by setting the appropriate sig- 
nal trigger thresholds. To reduce random measurement er- 
rors, we averaged the phase and bunch-length data for all 500 
bunches, as shown in Fig. 8.a. Analysis of the time-frequency 
domain characteristics of the oscillation waveform revealed 
that the frequency of the longitudinal phase oscillation and 
the bunch length oscillation completely matched, but the os- 
cillation phase was the opposite. The random error in the 
turn-by-turn bunch-length measurements, obtained through 
multibunch averaging, could be reduced to less than 0.05 ps, 
and the sinusoidal bunch-length oscillation waveform with a 
peak-to-peak amplitude of approximately 1.5 ps could be per- 
fectly reproduced. Analyzing the changes in the bunch length 
and phase during the occurrence of instability, a strong nega- 
tive linear relationship between the two was observed, which 
is consistent with previous theoretical analyses. 
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Fig. 5. (a) HLS single-bunch experiment bunch-length distribution with respect to bunch charge. Time—frequency analysis system results 
show excellent agreement with streak camera results. (b) Under different charges, the bunch length exhibits noticeable oscillations when the 
charge exceeds a certain threshold. (c) The spectrum of bunch-length oscillations varies with different charges; the peak of the spectrum shifts 
to the left as the charge increases. (d) The spectrum of phase oscillations varies with different charges, exhibiting the same oscillation mode 
as the bunch length and a common oscillation peak. 
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Fig. 6. (a)(b)(c) Oscillations of the longitudinal center position (phase) and bunch length for the head, middle, and tail bunches, respectively. 
(d)(e)(f) Reconstructed longitudinal distributions (including phase and bunch length) for the head, middle, and tail bunches, respectively. 


V. DISCUSSION analysis and experimental results of this study, data acquisi- 
tion systems with several gigahertz analog bandwidths and 
tens of gigahertz sampling rates can fully meet the require- 
ments for bunch-length measurement resolution. The de- 
veloped bunch-length measurement system can be conve- 


For most electron storage rings serving synchrotron light 
sources or colliders, the bunch length typically ranges from 
tens to hundreds of picoseconds. Based on the simulation 
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niently deployed and applied to any electron storage ring 
based on commercial digital oscilloscopes and utilizing time— 
frequency-domain joint analysis. 


With a Gaussian longitudinal distribution and bunch length 
ranging from 20 to 200 ps, the measurement uncertainty of 
the bunch length on a turn-by-turn basis can be better than 1 
ps for bunch charges greater than 400 pC. The measurement 
dynamic range can exceed 10 ms. However, the single-bunch 
and single-turn bunch-length resolutions have not yet reached 
a level that can be directly applied to all high-resolution beam 
experiments. However, when focusing on the average bunch 
length among different bunches (such as the distribution of 
the bunch length within a bunch train during steady-state op- 
eration), the turn-by-turn measurement results for each bunch 
can be averaged to reduce the random measurement error to 


less than 0.02 ps. When the focus is on the common-mode 
variations of all bunches in the storage ring (such as the occur- 
rence of coherent longitudinal oscillations), the measurement 
results for the same turn of multiple bunches can be averaged 
to reduce the random measurement error to less than 0.05 ps. 


The current time—frequency-domain joint analysis bunch- 
length measurement technique assumes a Gaussian distribu- 
tion for the bunch, providing only the o parameter as a char- 
acteristic quantity for the measurement result. Therefore, it 
cannot fully replace streak cameras. When the longitudinal 
bunch distribution deviates from a standard Gaussian distri- 
bution (such as filamentation during the damping process af- 
ter injection or significant wakefield effects resulting in an 
off-centered Gaussian distribution), the results are approxi- 
mate. Further improvements to the system sampling rate and 


obtaining more accurate measurements of the beam signal 
spectrum coupled with appropriate data fitting models, may 
enable more characteristic parameters to be used as measure- 
ment results and even obtain the original time-domain distri- 
bution through inverse Fourier transformation. 


VI. CONCLUSION 


This study presents a novel technique for measuring the 
bunch length on a bunch-by-bunch basis, utilizing time- 
frequency analysis of the beam signal acquired by an oscil- 
loscope. This method achieves a bunch-by-bunch, turn-by- 
turn bunch-length measurement uncertainty of | ps. In single- 
bunch experiments, results obtained from the time-frequency 
analysis method closely matched those from the streak cam- 
era. In the study of longitudinal instability, this technique ef- 
fectively captured the synchronous oscillations of the bunch 
length and phase. During tuning of the harmonic cavity, the 
system successfully observed the stretching effect of the cav- 
ity on the bunch length. It accurately resolves sub-picosecond 
differences between bunches within a bunch train. Further- 
more, the experimental data verified a linear relationship be- 
tween the bunch-length changes and phase changes within a 
small range. 

In summary, the existing wideband high-speed oscillo- 
scope technology meets the requirements for bunch-by-bunch 
and turn-by-turn bunch-length measurements. The proposed 
technique of time-frequency analysis using button electrodes 
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